In recently years, there has been an increasing interest in production of hydrogen as a secondary energy carrier. 1, 2 Currently, hydrogen is primarily produced from steam reforming of methane. [2] [3] [4] However, methane reforming is not a sustainable process for largescale hydrogen production from a long-term perspective since such a fossil fuel conversion process consumes nonrenewable resources and emits green house gases to the environment. An alternative method to produce hydrogen is via the electrolysis of water. Solid oxide electrolyzer cells (SOECs) are under developing and have gained much attention to generate hydrogen from electricity because water electrolysis at elevated temperature is advantageous for both thermodynamic and kinetic reasons. [5] [6] [7] Moreover, electricity and heat generated from the nuclear power systems and renewable energy sources, as well as waste heat from high temperature industrial processes can be utilized for electrolysis in SOECs. 8 In principle, SOEC is essentially a reverse process of a solid oxide fuel cell (SOFC). Consequently, SOEC technology can be built on the SOFC technology which has made significant progress in recent years. [9] [10] [11] It has been well established that oxygen reduction reaction occurring in the oxygen electrode (cathode) is more sluggish and consequently the limiting factor for achieving high performances in SOFCs. [12] [13] [14] [15] [16] [17] Significant efforts have accordingly been focused on the effects of the oxygen electrode in the electrolysis process but different conclusions exist in the reports for SOECs. Eguchi 10 found that a combination of LSM oxygen electrode and Ni-yttria stabilized zirconia (YSZ) hydrogen electrode performed better as an SOFC than as an SOEC, while LSC oxygen electrode combined with platinum hydrogen electrode showed lower polarization losses as an SOEC than as an SOFC. Jacobsen 18 reported that there was a significantly nonlinear behavior for Pt/YSZ oxygen electrode under cathodic vs anodic polarization, revealing that the Pt/ YSZ electrode was considerably more active for oxygen ion oxidation than for oxygen reduction. O'Brien and co-workers, 7 however, observed very little differences in area specific resistance values between the fuel cell and electrolysis modes for an electrolyte-supported single cell with Ni/YSZ hydrogen electrode and LSM oxygen electrode. Wang and co-works 19 compared the performance of LSM, LSF, and LSCo for solid oxide electrolyzer anodes and found that LSM-YSZ electrode was unstable during the electrolysis, but LSF-YSZ and LSCo-YSZ electrodes exhibited nearly constant performance during both the SOEC and SOFC operations. Through a modeling study, Meng and co-workers 20 have found that the hydrogen electrode is vulnerable to high concentration overpotential and limiting current density in the SOEC mode while the oxygen electrode is vulnerable to high concentration overpotential and limiting current density in the SOFC mode. The above inconsistent observations may be due to the different operating conditions. However, there have been very few reports available to systematically characterize the hydrogen and oxygen electrode in high temperature steam electrolysis process.
In this work, the electrochemical properties, especially impedance spectra of YSZ electrolyte-supported SOECs with different hydrogen electrode (Ni-SDC, Ni-YSZ and LSCM-YSZ, respectively) but with the same oxygen electrode (LSM-YSZ) have been fabricated and characterized in the steam electrolysis process. Further, the cell electrochemical performances attributed to the hydrogen electrode and oxygen electrode have been separated via a three-electrode method to further study the contributions from the different electrodes in the steam electrolysis process.
Experimental
In this study, La 0.8 Sr 0.2 MnO 3-d (LSM) powder and 8% mol yttria stabilized zirconia (YSZ) pellet (20 mm diameter and 0.3 mm thickness) were purchased from Fuel Cell Materials, USA. NiO was purchased from JT Baker, USA. YSZ (TZ-8Y) powder was purchased from TOSOH Corporation, Japan. La 0.75 Sr 0.25 Cr 0.5 Mn 0.5 O 3 (LSCM) and Sm 0.2 Ce 0.8 O 1.9 (SDC) powders were prepared through a sol-gel method. 21 As shown in Table I , three types of cells were prepared and characterized. LSM/LSM-YSZ was selected as the oxygen electrode. Ni-SDC, Ni-YSZ and LSCM-YSZ were selected as the hydrogen electrode. Figure 1 shows the schematic diagram of the threeelectrode method used in the study. NiO-YSZ and NiO-SDC hydrogen electrodes were prepared by mixing NiO and YSZ or SDC powders with a suitable amount of binder (ethyl cellulose and a-terpineol), followed by screen-printing on one side of YSZ pellet, and then sintered at 1400 C for 4 h. LSCM-YSZ hydrogen electrode was screen-printed on one side of YSZ pellet, followed by sintering at 1250
C for 3 h. The thickness of the hydrogen electrode is $40 m. For LSM/LSM-YSZ oxygen electrode, LSM-YSZ composite ink and pure LSM ink were symmetrically screen-printed on the other side of the YSZ pellet, opposite to the hydrogen electrode, and then sintered at 1200 C for 2 h. The thickness of the oxygen electrode is $25 m. The effective areas for both hydrogen and oxygen electrodes were 0.5 cm 2 . Pt meshes were attached on the surface of each electrode as current collector. Pt reference electrode was deposited on the YSZ pellet of the oxygen electrode side, 3.9 mm away from the LSM-YSZ oxygen electrode. Both Pt meshes and Pt reference electrode were fired at 1000
C for 1 h. Pt lead wires were used to connect the electrodes to the electrochemical testing equipment. The button cells were sealed to one end of an alumina tube with a ceramic paste (Aremco-552 high temperature ceramic adhesive paste).
The experimental setup for the steam electrolysis measurements was illustrated in Fig. 1 and the testing procedure was described in detail in our previous publications. [22] [23] [24] H 2 was selected as carrier gas to maintain the reducing environment in the hydrogen electrode. Open circuit voltages (OCVs) of the three types of cells with different steam content were summarized in Table II . These values were similar to those calculated using the Nernst equation. This demonstrates that the sealing used in the testing system is good and that there is no leaking between the hydrogen electrode and the oxygen electrode. The absolute humidity (AH, the vol % of humidity in the total gas volume) was used to represent steam concentrations in the electrolysis process. Electrochemical performances of the SOEC cells were studied using a conventional two-electrode method through a multi-channel VersaSTAT (Princeton Applied Research). Electrochemical impedance spectra (EIS) under both OCV and electrolysis conditions were performed over the frequency range of 100 kHz to 0.1 Hz. A reference electrode, as described by Jeremy, 25 was used in EIS and electrode overpotential tests in order to separate the contributions from the hydrogen and oxygen electrode under both OCV and electrolysis conditions.
Results and Discussion
Evaluation of cells with Ni-based hydrogen electrode.-The most commonly studied hydrogen electrode material for SOECs is Ni-based cermet. Voltage-current density relationship of cell-1 has been recorded using the two-electrode method for a series of steam concentrations (20, 40 , and 60 vol % AH, respectively) under both the SOEC and SOFC modes at 850 C, as shown in Fig. 2 . In the SOEC mode, negative current densities indicate power consumption to split water to produce hydrogen and oxygen. Cell potential values at zero current density correspond to the open circuit voltage (OCV). The cell OCV is influenced by the steam/hydrogen ratio, and deceases when the ratio increases, as expected from the Nernst Eq. (1)
where E 0 is the standard electrode potential, R is the universal gas constant, T is the absolute temperature (K), F is the Faraday constant, and P H2 , P O2 , and P H2O denote the partial pressure of hydrogen, oxygen and steam, respectively. As shown in Fig. 2 , the cell OCV decreased from 1.024 V at 20 vol % AH to 0.978 V at 60 vol % AH. From Fig. 2 , it can be also seen that the cell voltage varies linearly with the current density up to a value that depends on the AH, indicating that the cell is reversible.
Figures 3a-1 and 3b-1 show impedance results for cell-1 (having Ni-SDC hydrogen electrode) with different steam concentrations (20, 40 , and 60 vol % AH, respectively) at 850 C using a twoelectrode method under both OCV and 60 mA cm -2 electrolysis current conditions, respectively. It can be seen that cell resistances increase with the increase in steam concentration in the feeding gas, from 1.585 XÁcm 2 with 20 vol % AH to 1.712 XÁcm 2 with 60 vol % AH under OCV, and from 1.35 XÁcm 2 with 20 vol % AH to 1.582 XÁcm 2 with 60 vol % AH under 60 mAÁcm -2 electrolysis current. Moreover, the impedance spectra were typically characterized by two semicircles in the frequency domain studied, similar to the data reported by Hauch and co-workers, 26, 27 indicating that the SOEC was controlled by at least two electrode processes during the high temperature steam electrolysis. Characteristic frequencies were labeled in the impedance spectra. The impedance spectra recorded under OCV consist of two arcs with summit frequencies of 1.99 kHz and 19.95 Hz, respectively. The arc with a summit frequency of 1.99 kHz can be assigned to gas-solid (adsorption, dissociation, desorption) or solid-solid reaction (surface diffusion and oxygen transfer to/from the electrolyte) which typically has summit frequency in the range of 100 to 10 kHz. The arc with a summit frequency of 19.95 Hz can be assigned to gas conversion and/or diffusion with characteristic frequency in the range of 10-100 Hz. 28 Figures 3a-2 and 3b-2 are the impedance results of the hydrogen electrode with different humidity under OCV and 60 mAÁcm -2 electrolysis current density conditions tested by a three-electrode method. Figures 3a-3 and 3b-3 are the impedance results of the oxygen electrode with the same testing conditions. Impedance of the hydrogen electrode increased with the increase in steam concentrations, while that of the oxygen electrode was very slightly influenced by the increase in steam concentrations. Further, compared Taking the cell-1 impedance spectra data with different steam concentration measured under OCV as an example, the impedance data were fitted and analyzed using Zview software. The equivalent circuit for fitting the impedance spectra is given in Fig. 4 . Fitting curves are also plotted in Fig. 3a-1 and the fitting results are shown in Table III . The series resistance, R s , corresponds to the overall ohmic resistance from the electrolyte, electrodes and the lead wires; CPE is the constant-phase element, while (R 1 , CPE 1 ) and (R 2 , CPE 2 ) correspond to the high and low frequency arcs, respectively. The total interfacial polarization resistance (R p ) of the cell is the sum of R 1 and R 2 . As shown in Table III for cell-1 fitting data, in the steam concentration range studied, R 1 increased with the increase in steam concentrations, while R 2 was relatively constant. The fitting values of R 1 and R 2 were consistent to those shown in Fig. 3a-2 for the hydrogen electrode and in Fig. 3a-3 for the oxygen electrode, respectively. Analysis of the impedance results indicate that the resistance in the high frequency range primarily comes from the hydrogen electrode while the resistance in the low frequency range comes from the oxygen electrode. From the fitting results, it can be also observed that R 1 is always larger than R 2 , implying that the cell resistance is dominated by the hydrogen electrode process. This result is similar to some modeling study. 20 Further, the percentage changes in ohmic and polarization resistances from the baseline 20 AH are given in Table III . It can be seen that steam concentration mainly affects the cell polarization resistance.
The overpotentials of the hydrogen electrode and the oxygen electrode in different steam concentration testing conditions for cell-1 were evaluated via a three-electrode method and presented in Fig. 5 . It should be noted that, according to the cell configuration shown in Fig. 1 , the measured overpotential of the hydrogen electrode comprises the ohmic voltage drop (IR drop) across the electrolyte. The value of IR drop can be estimated, where I is the cell polarization current and R is the resistance of the YSZ electrolyte which can be calculated from the following equation:
where r is the conductivity of the YSZ electrolyte at a given temperature, l is the thickness of the YSZ electrolyte membrane (0.03 cm in this study), and d is the diameter of the YSZ electrolyte (2.00 cm in this study). Since IR drop is the same under a given current, the calculated value of IR drop is not subtracted from the measured overpotential of the hydrogen electrode as shown in Fig. 5 . It can be seen that the overpotential in the oxygen electrode is insensitive to the steam concentration, indicating that steam concentration does not affect the migration of oxygen ions from the YSZ electrolyte to the LSM-YSZ/LSM oxygen electrode in the electrolysis process. On the contrary, the overpotential of the hydrogen electrode increases with the increase in the steam concentrations, consistent to the impedance spectra results.
The impedance results of cell-2 (having Ni-YSZ hydrogen electrode) with the same testing conditions were measured and displayed in Figs. 6a-1 and 6b-1, and the contributions of the hydrogen electrode and oxygen electrode tested by a three-electrode method under OCV and electrolysis current of 60 mA cm À2 were shown in Fig. 6 . Similar to cell-1, increase in cell resistance with the increase in steam concentration has been observed, and the impedance spectra were also typically characterized by two semicircles. According to the characteristic summit frequencies labeled in these figures, the high-frequency arc ($15.84 kHz) of the cell is associated with the hydrogen electrode, while the low-frequency arc ($7.94 Hz) is associated with the oxygen electrode. Based on the analysis of the impedance spectra (shown in Table III), the cell reaction is also dominated by the hydrogen electrode process for cell-2. C by a two-electrode method under both OCV and 60 mA cm -2 electrolysis current density conditions, respectively. It can be seen that cell resistance increased with the increase in steam concentration. It is well known that the electrode polarization typically decreases when current is applied to the cell compared with that under OCV condition, and the cell polarization resistance, especially the activation polarization resistance decreases with the increase in cell current density. Compared with the resistance under OCV (shown in Fig. 7a-1) , the total cell resistance (R t ) and the cell polarization resistance (R p ) decreased under the electrolysis process (shown in Fig. 7b-1) . The total resistance decreased from 2.15 X cm 2 under OCV to 1.79 X cm 2 under electrolysis condition with 20 vol % AH, and 2.43 X cm 2 under OCV to 1.94 X cm 2 under electrolysis condition with 80 vol % AH. The impedance contributions of the hydrogen electrode and the oxygen electrode were further separated through the Pt reference electrode. Figures 7a-2 and 7b-2 present the contributions of the hydrogen electrode under OCV and the electrolysis process, while Figs. 7a-3 and 7b-3 are those of the oxygen electrode in both conditions. It can be seen that steam concentration in the hydrogen electrode affects the contribution of the hydrogen electrode, but has very little effect on the oxygen electrode. The impedance data under OCV were fitted using the same equivalent circuit as displayed in Fig. 4 , and the fitting results were also given in Table III . The impedance spectra of cell-3 can be divided into two parts, but they are different from those of cell-1 and cell-2 (the Ni-based SOECs). The impedance arc associated with the hydrogen electrode overlaps with that associated with the oxygen electrode, and the impedance values from both electrodes are similar in magnitude. Figure 8 shows effect of the steam concentration on overpotentials of both the hydrogen and oxygen electrode for cell-3. Since IR drop is the same under a given current, the calculated value of IR drop is not subtracted from the measured overpotential of the hydrogen electrode in the figure. From Fig. 8 , it can be observed that the overpotential of the hydrogen electrode increased with the increase in steam concentrations, while the overpotenital of the oxygen electrode seems to be not affected by the steam concentrations.
In the high temperature steam electrolysis process, the overall electrode reactions can be represented as Step 1-Step 8:
Step 1: Figure 4 . Equivalent circuit used to fit the impedance data of these three types of SOECs under OCV conditions. Table III . Fitting results of the electrochemical impedance spectra under OCV for three types of cells. Step 2:
Step 3:
Step 4:
Step 5:
Step 6:
Step 7:
Step 8: 2H
where Step is not an elementary step in the electrolysis process. This is consistent with the impedance spectra data.
Meng and co-workers 20 have found that the hydrogen electrode is vulnerable to high concentration overpotential and limiting current density in the SOEC mode through a modeling study. The experimental results of these three types of cells indicate that steam concentration in the feeding gas affects the cell resistance, especially from the contribution of the hydrogen electrode. With the increase in steam content, the change in cell resistance is mainly due to the increased resistance of the hydrogen electrode. Various explanations have been proposed to account for this phenomenon. Williford and co-workers 33,34 considered gas diffusion as one of the dominating reasons to affect the performance of the SOFC anode. In this study, gas diffusion seems also to be one of the dominating reasons to affect the performance of the hydrogen electrode in the electrolysis process. Gas transport in porous electrode is primarily through diffusion. Zhan 35 studied the gas diffusivity in different gas mixtures in the high temperature electrolysis process and found that the gas diffusivity of heavier steam molecules was much smaller than that of lighter hydrogen molecules. For example, the diffusion coefficient of steam is 3.80 cm 2 /s, while that of hydrogen is 5.74 cm 2 /s in hydrogen-steam mixture at 800 C. 35 It has been reported that higher polarization losses for the hydrogen electrode are predicted during electrolysis process, mainly because of the difference in H 2 and H 2 O diffusions. 36 For Ni-based SOEC, two other possible reasons can be used to interpret the phenomenon. It is well known that coarsening of Ni particles is accelerated under high steam content at elevated temperatures. 37 Consequently, change in the hydrogen electrode microstructure such as Ni particle agglomeration will lead to a decrease in the length of TPBs where the electrochemical reaction takes place. 38 The functional layer of the hydrogen electrode utilized in the present study is $40 m thick. Thinner electrodes (< 10 m) and smaller particles have been reported to be more susceptible to rapid degradation at high steam partial pressure than the thick electrode and coarse electrode structure. 38 It is also well known that nickel is not a redox stable material. Localized surface oxidation of Ni under high steam environment, forming a less active layer, has been proposed as another possible cause of performance degradation of the hydrogen electrode under the electrolysis process. 10 It has been reported that the polarization of the Nibased hydrogen electrode increases with the increase in operating oxygen partial pressure due to surface oxidation of metal, 39 which indicates that the use of a precious metal may be preferable under high steam conditions. In contrast to the Ni-YSZ electrode, much enhanced electrochemical activity for operating in electrolysis mode was achieved with the Ni-SDC electrode, suggesting that inclusion of SDC in the composite hydrogen electrode is beneficial to the electrolysis process. It is likely that the oxygen storage capacity of SDC helps to suppress the oxidation of the Ni surface and leads to higher performance in the electrolysis process. 36 LSCM-YSZ hydrogen electrode also shows better performance than that of the Ni-YSZ hydrogen electrode in the electrolysis mode. Better redox stability of LSCM and mixed oxide ionic and electronic conductivity are expected to be the main reasons for the enhanced electrochemical performance of the LSCM-YSZ hydrogen electrode.
Conclusions
From the electrochemical characterization of the three types of cells for high temperature steam electrolysis, the following conclusions can be made:
1. Steam content of the feeding gas affects the cell performance in SOECs and electrolysis reactions become difficult with the increase in steam concentration.
2. Steam concentration affects the contribution of the hydrogen electrode in the electrolysis process, while it has little effect on the oxygen electrode.
3. Contribution from the hydrogen electrode is dominant in the electrolysis reactions for Ni-based SOECs, but this contribution decreases for LSCM-based SOECs.
